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Introduction
The lithium-ion batteries are widely used as the energy storage sources in traffic fields. A large quantity of battery cells are connected in series and parallel in a complex battery system to get large capacity and high voltage. And the battery system is controlled through a lot of relays. The BMS which works based on the outputs of the sensors is needed to make sure the safety and performance of the battery system. Once the relay fault or sensor fault occurs, a series of problems or even more serious security issues may be caused. There has been some works on fault diagnosis. Observer-based fault diagnosis scheme was used to achieve the simultaneous fault isolation and estimation for a battery string [1] . Data-driven fault diagnosis scheme which depends on the analysis of extensive historical data was utilized in [2] . EKF algorithm and a statistical CUSUM test were used in the model-based fault diagnosis scheme [3] . In [4] , both the SOC residual and capacity residual were used to calculate the fault diagnosis result. While the battery system contains both discrete dynamics (relay signal) and continuous dynamics (current sensor signal and voltage sensor signal). The fault diagnosis scheme based on HS can handle these two dynamics simultaneously. Hybrid automata are often used to model the hybrid system [5] . In this paper, we proposed a fault diagnosis method for the lithium-ion battery pack based on HS and RLS-EKF algorithm. The proposed HS-based fault diagnosis method can be applied to fault diagnosis of sensors and relays of lithium-ion battery packs in electric vehicles and energy storage power stations.
paper structure 2.1 Hybrid system
The hybrid system is modeled by the hybrid automaton which is defined as Eq.(1) [5] , where Q and ∑ are the set of discrete states and set of events k-th time step Abstract A diagnosis method of relay faults and sensor faults based on hybrid system for lithium-ion battery system is proposed in the paper. A battery system, which contains not only discrete dynamics but also continuous dynamics, can be classified into a hybrid system in which hybrid automaton is established to simultaneously handle these two dynamics. For battery fault diagnosis, besides the observation of discrete events, the distinguishability analysis of continuous dynamics is also needed. The recursive least squares and extended Kalman filter algorithm is used to track the continuous dynamics of the battery and generate voltage residual in this paper. The distinguishability analysis is performed based on the voltage residual and current. Federal Urban Driving Schedule test on a battery pack is conducted for evaluating the proposed method. The results indicate that the fault diagnosis method can perform well for the battery system. respectively, T is the discrete state transition function, ς is the set of continuous variables, f is the set of state functions, g is the set of output functions, q0 and ς 0 are the initial discrete state and the set of initial continuous variables respectively. The state function f and output function g associated to the discrete state qi can be expressed as Eq. (2), where x is the state vector, y is the output vector, v and w are the process noise vector and measurement noise vector, respectively. The four vectors are all belong to ς and the Eq.(2) is denoted by M .
Keywords
The automaton = ( , Σ, , 0 ) captures the discrete behavior of the HS. It is called the underlying DES of the HS. The faults are diagnosable in HS if they are diagnosable in the underlying DES. That is, the faults are diagnosable in HS if they can be diagnosed based only on the observation of the discrete events. The faults may be diagnosable even though they are not diagnosable in the underlying DES.
The distinguishability analysis will be performed according to the continuous dynamics if the faults are undiagnosable in the underlying DES. If the states reached after an observable event are distinguishable, the faults are diagnosable in HS.
Battery cell modelling
The Thevenin equivalent circuit model, as shown in Fig. 1 , is constructed to track the behavior of the battery cell. U and U are the OCV and terminal voltage, respectively. R 0 and R are the ohmic resistance and polarization resistance respectively. C is the polarization capacitance and U is the polarization voltage. I is the current which is positive when the battery is charging.
The OCV is a function of SOC. 
Where is the capacity of the battery cell. The Eq.(4) can be written as discrete time format. , , is the real value of the sensor and is the measured value corresponding to the sensor fault . We assume that no faults occur simultaneously.
RLS-EKF based state estimation
Step 1: Initialization. For k=0, set the initial values: θ � 0 , 0 , x � 0 , 0 , , .
Step 2: parameter estimation. , 1 ocv, 1 1 = , 
Diagnostic implementation of battery pack
The proposed HS-based fault diagnostic scheme is applied into the lithium-ion battery pack to diagnose the sensor faults and relay faults. The battery pack used in this work contains two branches. There are two battery cells, two voltage sensors, one current sensor and one relay in each branch. There is a relay R3 in the trunk. The relay stuck closed fault of relay R3, Fc3, is not considered in this work.
The distributed diagnostic structure is utilized in this paper so that there is no need to established the global model which is large and complicated. Four local models should be constructed in this paper. One of them is shown in Fig. 2 and the diagnoser obtained according to it is shown in Fig. 3 . The matrixes 0 , 0 , 0 , 0 associated with 0 are shown as Eq.(7). The model 1 is time variant and the estimation is implemented through the RLS-EKF algorithm. The event CRi in Fig.  3 represents closing the relay Ri . ORi represents opening the relay Ri. The results of the distinguishability analysis can be defined as the events E1, E2 and E3. E1 denotes that | | < 1 within after CRi or ORi. E2 indicates that the current surpasses the threshold 1 during . E3 denotes that Several constant values, , 1 2 and are determined according to a number of experiments and they are set as 30, 0.12, 0.006 and 70 respectively in this paper. Fig. 2 The automaton 1.
The local models and local diagnosers only know the partial behavior of the battery system and they have no enough information to make the proper local diagnosis result. As a result, a communication protocol is required to ensure that there is no conflict between the local diagnosis results. The value 1 and 0 of the fault represent that the fault occurs and does not occur respectively. If the local diagnosers show that two voltage sensors in the same branch are faulty, then the diagnosis result is that the current sensor in the branch is faulty. The relay stuck open fault of R3 occurs if Fo1 = 1&Fo2 = 1 . The value of the fault will not change in other cases. Fig. 3 The diagnoser 1.
Experimental validation
The experimental setup are shown in Fig. 4 . All the tests in the paper are implemented in 25℃ and standard atmospheric pressure. The OCV-SOC test should be implemented at the beginning. The OCV-SOC curve obtained from the experiment is fitted by a polynomial function and the result is as Eq.(8). The FUDS driving cycle is utilized to implement the verification tests [6] . The specification of the battery cell is shown in Table 1 . be closed firstly when the experiment begins. CR1 and CR2 occur at the time of 21s and 112.5s respectively. The fault of voltage sensor 1 with -0.015V is injected at the time of 1200s. OR1 and OR2 occur at the time of 4119.7s and 3977.4s respectively. All the results except the faults whose value are 0 all the time are plotted in Fig. 5 . The result in Fig. 5(a) shows that the voltage sensor fault is diagnosed at the time of 1207s. 
Conclusions
A HS-based fault diagnosis method for the relays and sensors of the battery system is proposed in the paper. Continuous dynamics and discrete dynamics of the battery pack can be processed simultaneously using the proposed method. The battery system is modeled by the hybrid automaton and the distributed diagnostic structure is used so that the computation effort can be reduced. The continuous dynamics are tracked through RLS-EKF algorithm. The fault diagnosis result is obtained according to the observation of discrete events and distinguishability analysis. The proposed diagnosis scheme is validated on a battery pack under FUDS tests. The results show that the faults can be diagnosed accurately in a reasonable time.
